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Abstract—State of the Art Wireless Power Transfer (WPT)
systems, based on conventional copper coils, are known to exhibit
efficiencies well above 90% when operated in the resonantly
coupled mid-range regime. Besides full system efficiency, the
area- and weight-related power densities of the transmission
coils are key figures of merit for high power applications. We
report on a fully functional WPT system, consisting of single
pancake HTS coils on the transmitter and the receiver side, which
exceeds the power density of most conventional systems. Despite a
compact coil size, a DC-to-DC efficiency above 97% is achieved
at 6 kW output power. Next to the fundamental coil design,
we show analytical and numerical simulations of the AC loss
in the HTS coils, taking into account both hysteresis and eddy
current contributions. The results are validated by experimental
AC loss measurements of single coils, obtained by a standard
lock-in technique up to frequencies of 4 kHz. Finally, we present
experimental results of the full system performance at different
frequencies and load conditions.
Index Terms—WPT, wireless power transfer, high power, AC
loss, HTS coil optimization, hysteresis loss, eddy current loss.
I. INTRODUCTION
W ITH the rapid and continuously ongoing electrificationof high power applications in the fields of industry,
medicine and mobility, the need for convenient charging
solutions has become more and more urgent. The technology
of wireless power transfer (WPT) has emerged as one of
the key enabling technologies to achieve a high degree of
machine availability and to increase the general acceptance
of electrical machinery on the market. In recent years, mature
WPT solutions based on conventional technology have been
successfully installed in electrical busses [1] and ferries [2].
Charging powers of 200 kW have been demonstrated and fast
charging systems with power levels up to 500 kW have been
announced [3]. The transmission coils of these systems are
well optimized and yield efficiencies above 90 %. However,
the area- and weight related power densities of conventional
systems are limited by a Pareto front where a reduction of size
or weight leads to a decrease in efficiency [4]. The available
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high power solutions are therefore only applicable to heavy
machinery. Many mobile electrical machines like airborne
applications, autonomous robots or race cars are, however,
strongly restricted in weight and size and require alternative
approaches.
Replacement of the conventional copper wire by a high-
temperature superconducting (HTS) tape is discussed in lit-
erature as a promising approach to increase the efficiency and
the transfer distance of WPT systems. A plethora of system
designs have been proposed in [5]–[9], ranging from low- to
high frequencies as well as from short- to long range systems
with- and without relaying coils. Although the presented ex-
perimental results [10]–[13] suggest a remarkable performance
of the HTS coils, the successfully transmitted power levels of
less than 100 W are still disappointingly low. Furthermore,
the AC losses in the HTS windings are not well discussed
and the proposed coil designs are consequently not optimized.
Measurements of the AC loss in typical HTS coils [14], [15]
show that the loss per unit tape length exceeds the value of
a single tape in its self-field by two orders of magnitude. A
sophisticated coil design is therefore essential for an efficient
WPT solution. Furthermore, the typical frequencies of WPT
systems are beyond the frequency range where HTS tapes
have been studied in literature and little knowledge about
the high frequency behavior is available. Very recently, a few
publications have studied the AC loss of HTS tapes in the kHz
regime [16]–[18]. At such elevated frequencies eddy current
losses in HTS tapes must be considered and are expected to
even exceed the hysteresis loss.
In the following we present a fully functional WPT system,
consisting of optimized single pancake HTS coils on transmit-
ter and receiver side that demonstrates the power transfer of
6 kW across an air gap of a few centimeters at an efficiency
above 97 %. In Section II we present the fundamental system
and coil design and discuss the interdependencies of the
design parameters, including the choice of frequency and coil
inductance. In Section III we systematically optimize HTS
coils for low AC losses. We introduce and compare two
calculation methods to determine the AC loss in the coil. We
consider hysteresis and eddy current losses in the low- and
in the high frequency limits and find design guidelines for
the inter-tape spacing, i.e. the distance between the individual
turns. In Section IV, we validate the AC loss calculations
with experimental measurements based on a standard lock-
in technique up to frequencies of 4 kHz. We show transport
measurements of short tape samples and of the complete coils.
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2In Section V, we present a full characterization of the WPT
system at different frequencies and load conditions. Finally,
we show that our measurement system allows for studying the
AC loss of HTS coils in a frequency range from 80 kHz to
300 kHz, which is not accessible by typical lock-in techniques.
The obtained results allow us to quantify the eddy current loss
in the metallic layers of commercial HTS tapes and coils.
II. FUNDAMENTAL SYSTEM AND COIL DESIGN
The WPT system studied in this paper is an inductively
coupled magnetic resonant circuit. An overview of the com-
plete system, including all components of the power conver-
sion chain, is depicted in Fig. 1 a). The transmission coils,
L1 and L2, with mutual inductance M , are connected to
resonance capacitors, C1 and C2, to form a set of series-
series compensated LC-resonators with identical resonance
frequencies fr. The resonators are loosely coupled to each
other with a coupling constant κ = M/
√
L1L2 and are driven
at an operating frequency fop, which is slightly above fr. The
inverter and the rectifier are based on SiC technology and can
be used at frequencies of up to 1 MHz and power levels of
up to 11 kW. Pictures of both prototypes, which have been
built by the company Wu¨rth Elektronik eiSos, are shown in
Figs. 1 b) and c). The transferred power is supplied by a DC
source and is dissipated by a DC load with load resistance RL.
The current and voltage levels at the input and at the output
are measured with a high precision Yokogawa WT5000 power
analyzer.
The characteristics of such a system are well understood
and discussed in literature. Efficient power transfer generally
requires two conditions. Firstly, the physically maximum pos-
sible coil-to-coil efficiency is limited by the quality factors Q
of the coils and the coupling constant κ [4]
ηmax =
κ2Q2(
1 +
√
1 + κ2Q2
)2 ≈ 1− 2κQ . (1)
Secondly, an impedance matching between the input- and the
load impedance is required, resulting in the condition [4]
RL,eq = κωrL2 , (2)
where RL,eq = 8RL/pi2 is the equivalent load resistance in
the resonant circuit and ωr = 2pifr is the angular resonance
frequency. Equation (2) introduces a complex parameter inter-
dependency between the coupling strength, the load resistance,
the operating frequency and the coil inductance. Typically, κ
is limited by the spatial constraints of the application and
RL is defined by the desired current and voltage levels,
leaving a design trade-off between the frequency and the
coil inductance. Low frequency systems require a high coil
inductance and vice-versa. When operated in a non-optimum
working point, the system enters the over- or under-coupled
regime where it exhibits frequency splitting or an unwanted
voltage gain from source to load [19].
The fundamental coil design, proposed in this paper, is
depicted in Fig. 1 d). Following the design guidelines of
conventional WPT coils, the fabricated prototypes are realized
as single pancake coils. The HTS winding is distributed across
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Fig. 1. Overview of the fundamental system and coil design. In panel a), the
complete power conversion chain of the inductively coupled magnetic resonant
system is shown. In panel b) and c), pictures of the SiC based inverter and
rectifier are shown. In panel d), the proposed coil design for superconducting
WPT coils is shown. The coil consists of a distributed HTS winding and a
removable ferromagnetic core which is mounted into a 3D printed coil former.
TABLE I
HTS TAPE PROPERTIES
Parameter Tape A Tape B
Tape width 12mm 12mm
Hastelloy substrate thickness 100 µm 50 µm
HTS (GdBaCuO) thickness 3 µm 3 µm
Silver overlayer ≈ 1.5 µm per side ≈ 1.5 µm per side
Copper surround coating – 10 µm per side
Critical current (77K, s.f.) 600A 600A
the available space with a precisely controlled inter-tape spac-
ing between the individual turns. The winding is positioned on
top of a removable ferromagnetic core (commercially available
MnZn ferrite) and the current leads are positioned outside of
the coil to avoid eddy current losses in the copper contacts. As
HTS tapes do not allow to be bent or twisted on short length
scales, the contacting of the innermost turn is challenging. In
our design, the innermost turn is lowered, exits the coil former
through a slit and is guided to the copper contact below the
coil. The inter-tape spacing between the turns is realized by
using a suitable spacer material (not shown in Fig. 1 d)).
Two different types of HTS tapes have been used to build
prototypes. In order to keep the eddy current losses low, a
non-stabilized tape (type A) and a stabilized tape (type B)
with a thin surround coating of 10 µm of copper on each side
have been used in our experiments. The tapes, with a critical
current of 600 A at 77 K in self-field, have been provided
3𝑧
𝑟
𝑑
𝑤
𝑟in 𝑟out
Fig. 2. Simplification of the employed HTS winding to a rotational symmetric
problem. The winding is parametrized by the inner coil radius rin, the number
of turns n, the inter-tape spacing d and the width of the tape w.
by the company Theva Du¨nnschichttechnik GmbH. All tape
properties are listed in Tab. I.
III. AC LOSS OPTIMIZATION
For the calculation of the AC loss in the coil, the HTS
winding is simplified to a rotational symmetric problem as
depicted in Fig. 2. The winding is parametrized by the inner
coil radius rin, the number of turns n, the inter-tape spacing
d and the width of the tape w. The fundamental design
parameters to control the AC loss of the winding for a fixed
number of turns are d and w [20]. In the following, we
calculate and optimize the AC loss of an example coil with
n = 10 and rin = 5 cm. For simplification, we have reduced
the complex multilayer structure of commercial HTS tapes
to a superconductor-metal (s-m) bilayer. The thickness of the
metal layer is tm and its material specific resistivity is ρ. For
the case of a surround coating, where two identical metal
layers are placed on the front- and on the backside of the tape,
we treat them as a single layer with twice the thickness. We
generally distinguish between the low and the high frequency
regime. The transition frequency, where eddy currents in the
metallic layer become comparable to the supercurrents in the
HTS layer, depends on tm, w and ρ and is defined as [21]
ftr =
ρ
µ0tmw
. (3)
A. Simulation and Calculation Methods
Although in literature [22], fully numerical simulations
based on the H-formulation of the field quantities are consid-
ered as state of the art, here we have applied a fully analytical
and a semi-analytical method to calculate the AC losses.
In the fully analytical method we approximate the HTS
winding as an infinite stack of tapes. For such a stack in
its self-field, analytical equations for the hysteresis and eddy
current losses have been derived in [23]. The loss per tape,
per unit length, per cycle, in the low frequency limit, is given
by
Qhyst =
2µ0
pi3
I2c F
(
d
w
,
Itr
Ic
)
, (4)
and
Qeddy =
2µ20
pi2
tm
ρ
fI2c G
(
d
w
,
Itr
Ic
)
, (5)
where Itr is the peak amplitude of the alternating transport
current and Ic is the critical current of the tapes. The terms F
and G are lengthy integral equations that are not reproduced
here. We note that we have simplified the original equation of
Qeddy for the special case that the widths of the superconduct-
ing strip and the metal strip in the s-m bilayer are identical.
We see that both Eqs., (4) and (5), depend only on the
geometry of the stack and the tape properties. The hysteresis
loss per cycle is frequency independent and the eddy current
loss per cycle scales with f . Due to the fact that the metal
layers are strongly shielded by supercurrents, the hysteresis
loss dominates the total loss of the stack in the low frequency
limit. One can easily show that Qeddy  Qhyst is valid for
arbitrary stack geometries and arbitrary stabilizer thickness,
as long as f < ftr and Itr < Ic. Due to symmetry reasons,
the loss per unit length is identical in all the tapes of an
infinite stack. For coil windings with sufficiently many turns,
the boundary effects in the innermost and outermost turns
can be neglected and Eq. (4) is a good approximation of the
average loss per unit length of the complete coil.
In the semi-analytical method on the other hand, we compute
the magnetic field distribution of the complete coil winding,
as depicted in Fig. 2, with a numerical FEM simulation
software (Ansys Maxwell). For the field computations in the
low frequency limit, we model the HTS tape as a single thin
strip that carries a uniform current density. Hereby we assume
that the exact current distribution in the HTS tapes does not
significantly influence the overall magnetic field distribution
of the complete coil. Once the field distribution is known,
we use the analytical Scho¨nborg equation [24] to calculate
the hysteresis loss for each individual turn, considering the
transport current through the tape and the magnetic field
generated by all the other turns of the coil. The loss per unit
length in the nth turn is given by
Qn = QSchoenborg(Itr, B⊥,n) , (6)
where B⊥,n is the perpendicular magnetic field component
penetrating the nth turn. As the amplitude and the direction
of the magnetic field may vary locally along the tapes, B⊥,n
is determined by averaging the absolute value of B⊥ along
the width of each tape. We note explicitly that the self-field
contribution of the turn under study must be subtracted from
B⊥,n as the input parameter for the Scho¨nborg equation is
only the externally applied field. The average hysteresis loss
per unit length per cycle of the complete coil is given by
Qhyst =
∑N
n=1 lnQn∑N
n=1 ln
, (7)
where N is the total number of turns and ln is the length of
the nth turn.
As the strict assumption of uniform current density does not
reproduce the exact field distribution in the direct vicinity of
the tapes and neglects shielding currents between the turns,
this method is expected to overestimate the loss in tightly
wound coils (d → 0). For HTS windings with sufficiently
large inter-tape spacings however, it allows for a very fast and
simple estimation of the AC loss. The assumption of uniform
current density reduces the computation time for complex 3D
structures to a few seconds.
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Fig. 3. Calculated hysteresis loss of an HTS winding with n = 10 in the
low frequency limit. The loss per cycle per unit tape length is shown as a
function of the inter-tape spacing d for different current amplitudes. The fully-
analytical (dashed lines, Eq. (4)) and the semi-analytical methods (solid lines,
Eq. (7)) are compared to each other.
Additionally, we have used our numerical model to study the
eddy current loss of the coil winding in the high frequency
limit. In this regime, any effects related to superconductivity
are insignificant. The total loss is dominated by eddy currents
and the loss calculation becomes completely classical. In
order to include the eddy current losses into our simulation,
we have modeled the metallic layer according to our bilayer
model as a thin strip of thickness tm and material specific
resistance ρ. We keep the assumption that the transport
current is uniform and flows entirely in the HTS layer. The
eddy currents in each metal strip are driven by the self-field
of the alternating transport current in the turn of study, and
by the external field generated by all the other turns. We
use the available calculation tools of our FEM software to
determine the eddy current loss in each turn as a function
of frequency for a fixed transport current amplitude. By
changing the values of tm and ρ, we can study the influence
of the different metallic layers. In order to understand the
high frequency behavior of the stabilized and non-stabilized
tapes (compare Tab. I), we have simulated the AC loss in coils
made of tapes with a 100 µm thick hastelloy substrate, a 3 µm
thick silver layer and a 20 µm thick copper layer. The material
specific resistances at 77 K are ρ77Khastelloy=1240 nΩ m [25],
ρ77KAg =2.7 nΩ m [26] and ρ
77K
Cu =2 nΩ m [26], respectively.
We note explicitly that the transport current in the metallic
conduction path is zero in our model. A mechanism of current
sharing between the superconducting and the metallic layers,
as proposed in [18], is not necessary to find quantitative
agreement with experimental results.
B. Simulation and Calculation Results
We present the results of the AC loss optimization in Fig.
3. The hysteresis loss of the 10 turn HTS winding is shown
as a function of d for different current amplitudes in the low
frequency limit. The width of the tape is fixed to w = 12 mm
and the critical current is Ic = 600 A. The fully analytical and
the semi-analytical calculation methods, i.e. Eqs. (4) and (7),
are compared to each other and show very good agreement.
For large inter-tape spacings, the loss of the winding converges
towards the value of a single straight tape in its self-field.
With decreasing inter-tape spacing, the loss increases strongly.
However, even a surprisingly small spacing is sufficient to
keep the losses low. At a spacing of d = w/2, the loss of the
winding is increased by a factor of 10, whereas at a spacing of
d = w, the loss is only increased by a factor of 3, compared
to the self-field case of a single tape. As the area of the coil
increases with increasing d, the design of WPT coils results in
a trade-off between minimizing the AC loss and maximizing
the power per unit area of the coil.
When studying the influence of w at a fixed value of d, one
must take into account that a change of the width simulta-
neously changes the critical current of the tape. If the tape
quality, i.e. the critical current density, is kept constant, then
the AC loss of the winding decreases with increasing tape
width and converges for w > d into the limit of an equivalent
infinite slab [27].
The loss calculation suggests the following guidelines for
optimized HTS windings:
• The width of the tape should be chosen wide enough,
such that the operating current is significantly below the
critical current (Iop  Ic).
• The inter-tape spacing should be chosen in a range from
d = w/2 to d = w. A further increase beyond d = w
brings little benefit as the winding approaches the single
tape limit.
We note that in the low frequency limit, the eddy current loss
is much smaller than the hysteresis loss for all considered
parameter variations and is therefore not shown in Fig. 3.
In the high frequency regime on the other hand, the eddy
current loss dominates the total loss of the tape. The analytical
equations from [23] are not valid anymore and numerical
simulations are required. In Fig. 4, we present the frequency
dependence of the eddy current loss in the complete winding
of our example coil with w = 12 mm and d = w/2 at an
exemplary transport current of Irms = 25 A. The numerical
simulation clearly shows the transition from the low into the
high frequency regime for all three metal strips. We have
marked the values of ftr with arrows in Fig. 4, and observe
good agreement with the analytical expectation according to
Eq. (3). In the low frequency regime, the simulation strongly
overestimates the eddy current loss, as the superconducting
shielding currents, which suppress the eddy currents are not
considered. Beyond ftr, however, the skin depth becomes
comparable to the thickness of the tape. Then, the shielding
currents migrate into the metallic layer and the total loss of a
m-s-strip becomes identical to the loss of a metal strip alone.
Therefore, our method predicts the eddy current loss for
f > ftr correctly. Fig. 4 shows that the eddy current loss per
cycle decreases with increasing frequency for f > ftr. As a
result, the loss of a non-stabilized tape can be bigger than the
loss of a stabilized one. Even the hastelloy substrate, which
is typically completely neglected due to its high specific
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Fig. 4. Simulated eddy current loss of an HTS winding with n = 10, w =
12mm and d = w/2 at a transport current of Irms = 25A as a function of
the frequency. The results of three typical metal layers are compared to each
other. The individual transition frequencies of all layers are marked by the
arrows. The transport current density in the HTS layer is assumed uniform and
superconducting shielding currents are not considered. The material specific
resistivities, that have been used to model the behavior of the metal strips at
77K, are defined in the main text.
TABLE II
PROPERTIES OF THE REALIZED PROTOTYPE
Parameter value
inner coil radius 5 cm
outer coil radius 11 cm
number of turns 10
inter-tape spacing 6mm
tape length 5.4m
inductance
20.5 µH (air coil)
24.4 µH (with magn. core @77K)
resistivity, can lead to significant loss beyond 100 kHz.
C. Fabricated Prototypes
Based on the performed loss optimization, we have realized
two pairs of identical coil prototypes with the parameters as
listed in Tab. II. One pair of coils is made of tape A, the other
pair is made of tape B. Pictures of the HTS winding, before
mounting it into the coil former, and of a coupled coil pair, as
used for the WPT experiments are depicted in Fig. 5 a) and
b), respectively.
IV. AC LOSS MEASUREMENTS
In order to validate the AC loss calculations, we have
performed various measurements based on a standard lock-
in technique. Firstly we have measured the transport loss
of short tape samples in self-field. These measurements are
particularly interesting, as the cuprate structure of the utilized
Theva tapes differs from other manufacturers. They have the
unique feature that the ab-planes of the HTS material are tilted
with respect to the surface of the tape. The measurements of
a)
b)
Fig. 5. Pictures of the fabricated coil prototypes. In panel a), the HTS winding
with spacer material between the individual turns is shown. In panel b) a pair
of inductively coupled coils is shown. The receiver coil is mounted face down
on top of the transmitter coil. Receiver and transmitter are spaced by an air
gap of a few centimeters.
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Fig. 6. Transport loss measurement of short Theva tape samples with
w = 4mm and w = 12mm at frequencies of 72Hz and 144Hz. The
self-field loss is purely hysteretic and follows the analytical expectation. The
measurement proves that the tilted ab-planes of the cuprate structure in Theva
tapes do not influence the AC loss.
two different tapes with w = 4 mm and w = 12 mm are shown
in Fig. 6. We compare our measurement result to the analytical
expectation according to the Norris equations for strip and
ellipse geometries [28]. The expected loss is calculated for
critical current values of Ic = 200 A and Ic = 600 A. The
actual critical currents of the tape samples, measured with a
four probe method, are Ic = 179 A and Ic = 608 A. Our
results prove that the self-field AC loss in Theva tapes follows
the typical Norris equation.
Secondly, we have measured the transport loss of the fabri-
cated coil prototypes, with and without ferromagnetic core,
at different frequencies up to 4.6 kHz. The results of the
stabilized coil (tape B), without core, are shown in Fig. 7. We
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Fig. 7. Transport loss measurement of the stabilized coil (tape B), with
properties as defined in Tab. II. The measured loss agrees very well with
the infinite stack approximation (dashed line). In the calculation, Ic = 600A
was assumed. The actual average critical current of the coil is Ic ≈ 550A.
The limiting cases of a single tape in self-field (solid line) and of a tightly
wound reference coil with d = 0.4 (dotted line, data taken from [29]) are
shown as reference. The loss is frequency independent up to frequencies of
2.3 kHz. At 4.6 kHz, the measured loss is slightly increased, compared to
lower frequencies. This is most likely due to the onset of eddy current losses.
Higher frequencies were not accessible by the available experimental setup.
observe that the measured loss agrees nicely with the infinite
stack approximation (dashed line). We remind the reader that
the only free parameter in Eq. (4) is the critical current of
the tape. In the calculation we have assumed Ic = 600 A. Ac-
cording to the tapestar measurement, the actual average critical
current of the utilized tape segment was Ic ≈ 550 A. In order
to avoid a possible damage of the coil, we did not measure the
critical current of the coil after the winding process. Due to the
large spacing between the turns, however, we expect that the Ic
of the coil is not reduced compared to the tape in its self-field.
The good agreement between calculation and measurement in
Fig. 7 has been obtained without a single fit parameter. As
reference, we also show the AC loss of the limiting cases of
a single straight tape in self-field (solid line) and a tightly
wound coil with d = 0.4 mm (dotted line, measurement data
taken from [29]). Up to frequencies of 2.3 kHz, the measured
loss is frequency independent, i.e. of purely hysteretic nature.
Evidently, at the highest frequency of 4.6 kHz, the loss is
slightly increased. As the transition frequency of the copper
stabilized tape is at ftr = 6.6 kHz, the increased AC loss
could possibly be explained with the onset of eddy current
losses. Repetition of the experiment on a non-stabilized coil
(tape A), which has a higher transition frequency, showed
indeed no increased loss at 4.6 kHz. This allows us to rule
out the possibility of a systematic error. A further increase of
the measurement frequency was not possible due to technical
restrictions in the available experimental setup.
AC loss measurements of the coils with ferromagnetic core,
revealed that the magnetization loss in the core exceeds the
loss of the HTS winding by several orders of magnitude.
A comparison of the measurements with and without core
is shown in Fig. 8. We see that the magnetic core loss
is frequency independent and scales with I1.8. A detailed
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Fig. 8. Influence of the ferromagnetic core on the total loss of the stabilized
coil (tape B). Transport loss measurements, with and without the magnetic
core, reveal that the magnetization loss in the cold core exceeds the loss of the
HTS winding by several orders of magnitude. The magnetic loss is frequency
independent and scales with I1.8.
discussion of the magnetic core loss would exceed the scope
of this work. However, it is important to mention that we
have additionally measured the loss of a single core segment
in external field with the calibration free setup from [30]. The
measurements have shown that the loss of a cold core at 77 K
is increased by more than a factor of 10 compared to the loss
at room temperature. Our magnetic loss measurements agree
quantitatively with the results published in [31].
Finally, we determine the quality-factor (Q-factor) of the coils,
which is defined as
Q = 2pi × stored energy
energy loss per cycle
. (8)
The stored energy in the coil, is given by LI2peak/2 = LI
2
rms
and the energy loss per cycle has been determined
experimentally in Fig. 8. The Q-factors of the fabricated coil,
with and without ferromagnetic core, are shown as a function
of the AC transport current in the low frequency limit in
Fig. 9. We observe that the Q-factor of the HTS winding is
frequency independent, scales with 1/I2 and exhibits values
far beyond 10000 at low current amplitudes. Comparison to
conventional copper coils, which hardly exceed Q-factors
of 1000, reveals that the superconducting hysteresis loss is
no show-stopper for WPT coils. As long as the coil design
follows our guidelines, the current amplitudes remain below
Irms ≈ 40 A and the operating frequency remains below ftr,
an outstanding performance of the WPT system is to be
expected. When a cold ferromagnetic core is inserted into the
coil, the additional losses reduce the Q-factor to values below
100 and the supremacy of the superconducting winding over
conventional copper coils is completely lost. The best option
would be to avoid the magnetic core at all. In case it is
needed for shielding purposes, a sophisticated cryostat design
with a warm core will be required.
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Fig. 9. Measured quality factors of the HTS coils, with and without
ferromagnetic core, in the low frequency limit as a function of the AC
transport current. Without the core, the coil is dominated by the hysteresis
loss in the winding. The Q-factor is frequency independent and scales with
1/I2. At low current amplitudes, the Q-factor exhibits values far beyond
10000 and outperforms conventional copper coils. With the insertion of the
cold ferromagnetic core, the supremacy of the superconducting winding is
completely lost.
0 5 1 0 1 5 2 00 . 0 0
0 . 2 5
0 . 5 0
0 . 7 5
w i t h  c o r e F E M  s i m u l a t i o n m e a s u r e m e n t
w i t h o u t  c o r e F E M  s i m u l a t i o n m e a s u r e m e n t
cou
plin
g co
nsta
nt
t r a n s f e r  d i s t a n c e  ( c m )
Fig. 10. Measured and simulated coupling constant between transmitter and
receiver coil as a function of the transfer distance. The cases with and without
magnetic core are compared to each other.
V. FULL SYSTEM CHARACTERIZATION
We have used both fabricated coil pairs to characterize the
full WPT system. Firstly, we have measured the coupling
constant between the transmitter and the receiver coil as a
function of the transfer distance. The results for both cases,
with and without magnetic core, are shown in Fig. 10. We see
that the influence of the magnetic core on the coupling strength
is small and that the coil pair can be used at transfer distances
of up to 10 cm, if a small coupling constant of κ ≈ 0.1 is
acceptable in the system. For simplicity and comparability,
we have performed all of the following WPT measurements
at a fixed coupling strength of κ ≈ 0.5.
The loss measurements on single coils, presented above, have
shown that the current amplitudes through the HTS coils must
remain low to benefit from high Q-factors. Therefore, we
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Fig. 11. Measured (symbols) and calculated [4] (solid lines) voltage gain of
the WPT system from the source to the load. The resonance frequencies of the
transmitter and the receiver circuits are fixed to fr = 110 kHz. The drive tone
frequency is swept from 85 kHz to 155 kHz to find the optimal working point
(purple asterisk). Comparison of different load values shows the transition
from the under-coupled into the over-coupled regime. The superconducting
system behaves as expected for a conventional system.
operate the WPT system at high voltages and low currents.
A reasonable choice of target parameters for an output power
of 11 kW would be U ≈ 300 V and I ≈ 36 A, which fixes the
load resistance at the receiver side to RL ≈ 8.5 Ω. According
to Eq. (2), the required operating frequency to reach an
efficient power transfer, with the available coil inductance of
L = 20µH, is in the order of 100 kHz. Clearly this frequency
is in the regime where eddy currents dominate the total loss of
the coils. For application in the low frequency regime a higher
coil inductance would be required. Nevertheless, we have
studied the overall performance and especially the frequency
dependence of our system in the high frequency regime.
By tolerating small deviations from the nominal current and
voltage values, we were able to operate the system in a
frequency range from fr = 89 kHz to fr = 316 kHz. For
each measurement, we have used conduction cooled power
capacitors (CSM Nano and CSP 120/200) from the manu-
facturer Celem, to tune the resonance frequency of the LC
circuit to the desired value. The system was then driven at
the optimal working point, where RL satisfies Eq. (2) and the
drive frequency is closely above fr.
In order to proof that our system, with superconducting coils
on both sides, can be described with the analytical model of
conventional systems and that the design considerations are
correct, we have measured the voltage gain from source to load
as a function of the drive tone frequency at a fixed resonance
frequency of fr = 110 kHz. The expected load value which
separates the over- and the under-coupled regimes is RL =
9.2 Ω. In Fig. 11, we show the measured voltage response, at
load values of 7.6 Ω, 8.6 Ω, 10 Ω and 15 Ω, together with the
analytical calculation according to Ref. [4] (solid lines). The
optimal working point of this configuration is indicated with
a purple asterisk. Our system behavior agrees exactly with
the expectation for a conventional system and the transition
from the under-coupled regime, where a frequency splitting is
8Fig. 12. Full system DC-to-DC efficiency as a function of the output power.
Measurements with and without magnetic core are compared to each other.
Without the core, the efficiency is limited by eddy current losses, a frequency
dependence becomes visible and the stabilized coils outperform their non-
stabilized counterparts. An efficiency of η = 97.44% has been achieved at
an output power of 6 kW. Higher power levels were not accessible with the
available setup.
present, into the over-coupled regime, where a voltage gain
around fr appears, can be observed.
In Fig. 12, we present the DC-to-DC efficiency of the full
system as a function of the output power at different operating
conditions. Measurements with- and without magnetic core
are compared to each other. With the core, the efficiency
is limited to η = 95 % and the system performance is
frequency independent. Without the core, η is limited by
eddy current losses and becomes frequency dependent. We
observe that η increases with increasing frequency and that the
stabilized coils outperform their non-stabilized counterparts.
A maximum efficiency of η = 97.44 % has been achieved
at an output power of 6 kW. Higher power levels were not
accessible with the available setup, as we either ran into the
voltage limitation of the DC source, or the current amplitudes
reached such high values that the AC losses exceeded the
cooling power of the liquid nitrogen bath and the HTS coils
quenched. We note that a quench at the maximum output
power of 6 kW did not damage the coils. The relatively low
coil currents can easily be taken over by the metal layers of
the tapes. Even the non-stabilized coils were driven several
times into quench at a coil current of Irms ≈ 40 A, without
taking damage.
We have further used the results, presented in Fig. 12, to
study the AC loss of the coils in the high frequency regime.
With the assumption that the losses in the power electronics
are small, i.e. the measured power loss of the complete WPT
system is dissipated solely in the transmission coils, we can
use the DC-to-DC measurements to extract the AC loss of
both coils. If the current amplitudes in both coils are similar,
then the loss per cycle per coil is given by Ploss,tot/(2f).
The fact that the power loss in our setup is measured in
DC values, enables high precision measurements of the AC
loss, at frequencies which are not accessible by typical lock-
in techniques. We present the power loss per coil, as measured
Fig. 13. Measured AC loss of the stabilized HTS coil (Tape B), with
and without magnetic core, in the high frequency regime. The results are
extracted from DC-to-DC loss measurements of the WPT system, and are
compared to the low frequency lock-in measurements. The magnetic core
loss shows perfect agreement between both methods. Without magnetic core,
the eddy current losses become observable. We find quantitative agreement to
the numerical eddy current simulations for large current amplitudes. At low
current amplitudes and at frequencies beyond 200 kHz, parasitic losses in the
power electronics become significant and distort the measurement slightly.
with the WPT setup, in Fig. 13. The data is compared to
the results of the low frequency lock-in measurement and
to numerical eddy current simulations. The WPT experiments
with magnetic core show perfect agreement to the results from
the lock-in technique. This proofs that our loss measurement
gives correct results and allows us to study the eddy current
losses. Without the core, the power losses at high frequencies
are strongly enhanced, compared to the low frequency lock-in
measurement. The frequency dependence of the eddy current
loss is observable, the measured power loss scales with I2
and agrees for large current amplitudes with the numerical
simulation. The small deviation between measurement and
simulation at low current amplitudes and at frequencies beyond
200 kHz can be explained with parasitic losses in the power
electronics.
Analysis of the same experiments with the non-stabilized coil
pairs has also given consistent results. The eddy current loss
was increased, and the frequency dependence was reduced,
compared to the stabilized coil pair. As depicted in Fig. 4,
the numerical simulation suggests that the thin silver layer of
tape A generates more eddy current loss than the copper layer
of tape B at frequencies around 100 kHz. Further, the eddy
current loss of the silver layer has a maximum in the studied
frequency range, which explains the reduction of the frequency
dependence. The only options to get rid of eddy current losses
in WPT systems are either, to operate the HTS coils in the low
frequency regime f < ftr, or to use completely non-metallic
tapes. Here the development of sapphire based substrates [32]
9could possibly bring benefits in the future.
VI. CONCLUSION AND OUTLOOK
In this paper we have presented a fully functional,
superconducting WPT system, consisting of optimized single
pancake HTS coils on the transmitter and on the receiver
side. For the first time, we have demonstrated the successful
power transfer of significant power levels. At an output
power of 6 kW, a DC-to-DC efficiency of 97.44 % has been
achieved. The area- and weight-related power densities of
the transmission coils are 1.59 kW/dm2 and 5.71 kW/kg.
Both values exceed the power densities of conventional
state-of-the-art systems [4].
These results have been achieved by introducing a coil design
with a distributed HTS winding, where the individual turns
are separated by an inter-tape spacing. We have calculated
and optimized the superconducting hysteresis loss and the
metallic eddy current losses for such a winding. The results
have been validated by a standard lock-in technique in the
low frequency regime and by WPT experiments in the high
frequency regime. We have found that an inter-tape spacing
of d = w/2 is a good compromise to keep both, the coil size
and the AC losses, small. The measured quality-factors of the
fabricated coil prototypes exceed values of 10000, making
them a very promising candidate for further studies. Despite
the fact that all WPT experiments have been performed in the
high frequency regime, where eddy currents dominate the loss
of the coil, our system showed an outstanding performance.
We expect that the efficiency and the accessible power
levels could be further increased by reducing the operating
frequency below ftr. We plan to apply the derived design
guidelines to build a new pair of transmission coils with
sufficiently large inductance. This will allow us to operate
our system at 4 kHz, where the lock-in measurements already
have demonstrated the big potential of the presented coils.
Regarding future applications of our system in electrical
machines, the efficient cooling of the coils without loosing
the argument of high power density represents a key
challenge. Obviously, the cryostat design needs to be
completely non-metallic and the required regular access to
liquid nitrogen could be an obstacle for autonomous machines.
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